We describe a method leading to the formation of closed circles of rDNA starting from total DNA of Xenopus laevis. Linear DNA molecules were digested with exonuclease 3 and self-annealed. Open circles were enriched and covalently closed by the simultaneous use of polynucleotide kinase, DNA polymerase and polynucleotide lijase. Closed circles of rDNA^ were shown to be alkali-resistant, to have higher density than linear molecules in cesium chloride density gradients containing ethydium bromide, and to have the sedimentation constant expected for a single repeat unit of rDNA comprehensive of its spacer.
INTRODUCTION
Tandemly arranged repeated DNA sequences can be revealed by their ability to form circles or compound figures after exonuclease 3 digestion 2 3
and self-annealing ' . Given a certain length of the repeated DNA sequence, the extent of single circles and the kind of circle formed, depends upon the molecular weight of the DNA used and the extent of exonuclease 3 3 digestion, as seen by electron microscopy . These methods are potentially useful for the isolation of repeated DNA sequences as single, covalently closed circles ' ' . We describe here the isolation of genes for rRNA [7] [8] [9] which are known to be repeated and tandemly arranged . The data presented in this paper indicate that genes for rRNA were isolated as closed circles. Our efforts were concerned with the development of techniques potentially capable of leading to the isolation as closed circles, of any tandemly repeated sequence existing in the chromosome. Polynucleotide ligase: was also obtained from T infected E. coli cells 14 as described by Weiss and Richardson j f -P ATP: necessary to assay polynucleotide kinase and ligase during purification, was prepared as described by Glynn and Chappel DNA: was extracted from blood of Xenopus laevis as described by Birnstiel et al.
MATERIALS AND METHODS

Chemicals
RNA: was labelled with uridine-5-H (50 -piCi/ml) from a stabile Xenopus laevis line of kidney cells , kindly supplied by M. Birnstiel, mainly according to Loening et al. . In short, after three days of incubation, cells were collected, RNA extracted and ethanol precipitated. The precipitate was dissolved in 0.4% SDS, 10 mM sodium acetate, 10 mM EDTA buffer, pH 5.0, and the different RNA components were fractionated on a 5-20% linear sucrose density gradient in the same buffer. The 28S and 18S ribosomal fractions were pooled and dialyzed against 2 x SSC for 2-3 hours at room temperature to eliminate the majority of SDS and after against fresh . After loading, the column was washed with 800 ml 0.09 M NaCl, and the wash was added to the loading solution.
Then the column was washed sequentially with 800 ml each of 0. One ml fractions were collected after puncturing the bottom of the tube with a N°14 needle. After an OD reading, each fraction was divided in two.
One of these was sonicated for 10 seconds in a MSE sonicator. The sonicated and the non-sonicated fractions were then made 0.2 M NaOH and kept at room temperature for 45 minutes. After neutralization, each fraction was adjusted to 6 x SSC and passed through a nitrocellulose filt;er. The filters were air dried and then kept for 4 hours at 80°C. They were then incubated in 3 2 x SSC containing 2 micrograms/ml H labelled rRNA of Xenopus (970.000 cpm/ug) or of 28S alone for 12 hours at 60°C. Unhybridized RNA was removed by digestion with a 2 x SSC solution containing 50 micrograms/ml pancreatic ribonuclease and 20 U/ml T ribonuclease for one hour at 30°C. After exhaustive washing, the filters were dried and counted in a Mark 1 liquid scintillation counter.
Cesium chloride density gradients: The DNA to be analyzed was mixed with cesium chloride solution in 0.01 M Tris pH 7.8 to a mean density varying from 1.58 to 1.67. The solution also contained 100 micrograms/ml ethidium 23 bromide . Centrifugation was for 50 hours at 33.000 rpm at 25°C in a Spinco SW39 rotor. One or two drop fractions were collected after puncturing the bottom of the tube with a N°14 needle.The refractive index of each fraction was determind. After dilution with water, each fraction was sonicated, the DNA denatured, adsorbed to nitrocellulose filters and hybridized with rRNA as described for the sucrose density gradients.
RESULTS
We can formally divide this work in two steps: in the first step we get a 5-6 fold enrichment of rDNA genes in form of open circles; in the second one we purify practically to the homogeneity the rDNA genes in form of closed circles. It is to be expected that DNA which has been treated with Exo 3 to produce single stranded tails will contain a smaller proportion of single strands in those molecules which have formed circles, and therefore it is to be expected that these could be separated from the linear molecules on nitrocellulose. If rDNA forms circles more readily than the bulk of the DNA, we would expect to see an enrichment of rDNA in those fractions which are eluted from nitrocellulose at high ionic strength, that is in those fractions which contain a small portion of single strands. This indeed was found to be the case (Table 1 ) ; fractions eluted with 0.3 to 0.15 M NaCl showed a 5-6 fold enrichment for ribosomal genes over the total DNA.
In order to show that this enrichment was associated with circle formation and not due to some other special property of rDNA, such as bias in G+C content or resistance to Exo 3, we repeated the procedure on DNA sheared by sonication to a size shorter than the repeated length of the ribosomal gene. In this case, it is not possible for rDNA to circularize; and although some circles are formed, these presumably arise from repeated sequences whose repeated length is shorter than that of rDNA. With this short DNA there was no enrichment of rDNA in any of the fractions obtained from nitrocellulose ( Table 2 ) . The enriched fractions of rDNA behave as predicted for open circles on nitrocellulose. Table 2 Control nitrocellulose column stant DNA was applied to a sucrose gradient with mouse 28S rRNA as a marker (Fig. 1 ). Each fraction was tested for rDNA by hybridization before and after sonication. The highly significant result of this experiment is that virtually no hybridization is seen in the fraction before sonication. In the sonicated fractions, two main peaks of hybridization are seen. One peak is at 31 to 34S, assuming a sedimentation coefficient of 29-32S for the Another fraction of the alkali-resistant DNA was banded in a cesium chloride gradient in the presence of ethidium bromide. This intercalating dye reduces the density of linear DNA and nicked circles of DNA much more than 23 24 28 that of closed circles ' ' .The gradient was hybridized with rRNA as described for the sucrose gradient and again it was found that hybridization occurred after sonicating the fractions (Fig. 2 ) . We interpret this to mean that the rDNA present must be in a form that cannot be denatured without first breaking the molecules, that is, in a covalently continuous double stranded form. We can conclude that, coupling nitrocellulose column and sucrose or CsCl density gradients, it is possible to get practically homogeneous rDNA genes. There are a few ways in which genes can be isolated from the bulk of the DNA. The methods used in prokaryotes
are not yet applicable to higher organisms. The approach made in higher organisms is principally based on centrifugation in density gradients of DNA after interaction with different substances, such as metal ions, Actinomycin, RNA, etc. ' . The method described here can, in principle, be used to enrich and eventually be a step for the isolation of any gene present in a tandemly duplicated form.
The experiment in which low molecular weight DNA was used demonstrates how the method might be used to exclude long repeated length. A discussion of 3 this aspect has already been presented .
It is likely that genes isolated in this way, as closed circles, will be one of the much useful material in structural studies and especially in in vitro studies of regulation, for their structure closely mimic that of the repeated genes in the chromosome, at least in that each gene is preceded and followed by a similar copy. For this reason we think that this material could be the best template for transcriptional studies not only for what concerns the initiation and termination signals in eukaryotes, but also to study other protein interactions in transcription.
Finally, our experiments suggest a method to test whether the sequences complementary to any given RNA molecule are tandemly repeated, namely, after processing the DNA in the way described, and hybridizing before and after sonication, an increase in hybridization will indicate that the sequences are repetitious.
